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ABSTRACT 


Micrococcus  cryophilus,  an  obligate  psychrophile , 
was  grown  between  2°C  and  26° C  in  glutamate  salts  medium  and 
trypticase  soy  broth.  The  temperature  characteristic  (y)  for 
specific  growth  rate  of  this  organism  was  found  to  be  essentially 
constant  at  10,100  cal/mole  over  the  range  from  20°C  to  8°C;  it 
decreased  above  20°C  and  it  increased  dramatically  below  8°C. 

Changes  in  growth  temperature  resulted  in  a  marked 
change  in  cellular  RNA  and  protein  content,  particularly  at  the 
extremes  of  the  temperature  range;  the  DNA  content  did  not 
vary  significantly.  The  variation  in  macromolecular  composition 
at  temperature  extremes  is  discussed. 

A  study  of  the  lipids  of  Micrococcus  cryophilus  showed 
that  this  organism  contains  a  high  percentage  of  unsaturated 
fatty  acids.  Variations  in  the  temperature  of  growth  changed 
the  proportions  of  individual  fatty  acids.  The  degree  of  un¬ 
saturation  of  cellular  lipids  increased  continuously  as  growth 


temperature  was  lowered. 
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INTRODUCTION 


I .  Temperature  Relationships  of  Micro-organisms 

Bacteria  are  generally  divided  into  thermophiles , 
mesophiles,  and  psychrophiles  on  the  basis  of  the  temperature 
ranges  in  which  they  can  grow.  The  first  two  groups  can  be 
easily  and  accurately  characterized  and  distinguished  by  their 
growth- temperature  optima;  mesophiles  are  usually  defined  as 
those  organisms  that  have  optimum  temperatures  for  growth  between 
25°C  and  40°C  (Farrell  and  Rose,  1965),  thermophiles  have  tempera¬ 
ture  optima  10  to  25  degrees  above  the  temperature  optima  of  meso- 
phi  les  (Ingraham,  1958).  The  psychrophiles  have  also  been  defined, 
especially  in  textbooks,  in  terms  of  optimum  growth  temperature. 

But  the  latter  has  been  set  either  so  low  that  it  fits  virtually 
no  known  bacteria  or  so  close  to  that  of  mesophiles  that  it  fails 
to  separate  the  two  groups  (Mitchell,  1951).  Therefore,  psychrophiles 
should  not  be  defined  by  maximum  or  optimum  temperature  but  rather 
on  their  ability  to  grow  at  0°C  as  suggested  by  Ingraham  (1958). 

They  are  now  generally  accepted  as  "micro-organisms  that  grow  well 
at  0°C  within  2  weeks",  or  have  a  generation  time  within  48  hours 
at  0°C  (Ingraham  and  Stokes,  1959). 

Psychrophiles  are  ubiquitous.  They  are  found  not  only  in 
cold  environments  but  also  in  temperature  zones  where  the  temperature 
varies  (Ingraham,  1962).  They  constitute  a  large  and  widespread 
group  of  micro-organisms,  probably  larger  and  more  widespread  than 
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the  mesophiles .  Psychrophilic  representatives  occur  in  all  of  the 
major  groups  of  micro-organisms;  bacteria,  yeasts,  molds,  algae. 

Most  psychrophiles  appear  to  belong  to  the  genus  Pseudomonas  and, 
to  a  much  lesser  extent,  to  the  genera  Micrococcus,  Achromobacter , 
Flavobacterium,  Alcaligenes ,  and  possibly  others. 

Interest  in  psychrophiles  has  increased  tremendously 
in  the  past  decade  because  of  the  importance  in  both  applied  and 
academic  fields.  This  interest  covers  mainly  three  areas. 

(a)  Microbial  activities  at  low  temperatures  in  natural  environ¬ 
ments:  large  areas  of  the  world’s  surface  support  microbial 

population  under  conditions  where  the  temperature  rarely  rises 
above  about  20°C.  Approximately  90  percent  of  the  marine  environ¬ 
ment  is  at  a  temperature  of  5°C  or  lower  (Zobell,  1962),  and  it 
has  been  suggested  by  Haight  (1966)  that  psychrophiles  must  com¬ 
prise  a  major  fraction  of  the  bacteria  in  such  an  environment. 

Zobell  (1934)  has  reported  that  bacteria  can  multiply  and  activate 
biochemical  changes  in  the  coldest  waters  of  the  ocean.  Almost 
half  a  century  ago,  McLean  (1918)  has  shown  that  bacteria  can 
thrive  in  Antarctica,  and  this  has  been  confirmed  by  Darling  and 
Siple  (1941)  and  Sieburth  (1959) .  Straka  and  Stokes  (1960)  also 
confirmed  that  psychrophilic  bacteria  occur  commonly  and  in  appreci¬ 
able  numbers  in  Antarctica. 

(b)  Importance  of  low  temperature  in  industrial  microbiology: 
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Although  industrial  microbiological  processes  are  usually  con¬ 
ducted  at  temperatures  above  25°C,  there  are  still  a  few 
industrial  microbiological  processes  that  are  conducted  at 
low  temperatures. 

(c)  Use  of  low  temperature  to  prevent  microbial  activities: 

The  greatly  increased  use  of  frozen  and  especially  chilled 
foods  in  recent  years  and  the  increasingly  longer  periods  of 
time  between  their  production  and  consumption  have  greatly  en¬ 
larged  the  importance  of  psychrophilic  bacteria.  Large  losses 
of  meat,  fish,  poultry,  dairy  products,  and  other  foods,  due 
to  undesirable  flavors  and  odors  produced  by  psychrophiles ,  are 
not  uncommon  (Ingraham  and  Stokes-,  1959).  Greene  and  Jezeski  (1954) 
and  Witter  (1961)  have  shown  that  there  exist  a  large  group  of 
micro-organisms  which  are  able  to  grow  and  attack  milk,  butter 
and  cottage  cheese  in  which  they  produce  a  wide  variety  of  spoil¬ 
age  defects  at  refrigerator  temperatures  (0  -  10°C). 

The  ability  of  psychrophiles  to  grow  at  low  temperatures 
may  be  due  to  some  unique  property  of  their  enzymes.  It  is 
possible  that  the  unusual  heat  sensitivity  of  enzymes  and  enzyme 
synthesis  in  psychrophiles  may  be  correlated  with  the  ability  of 
these  organisms  to  grow  at  low  temperatures,  in  that  these  same 
heat-sensitive  enzymes  may  function  better  at  low  temperatures 
than  the  corresponding  relatively  heat-stable  enzymes  of  mesophiles 


. 


(Purohit  and  Stokes,  1967).  Brown  (1957)  and  also  Ingraham  and 
Bailey  (1959)  have  shown  that  the  temperature  coefficient  of 
oxidation  of  several  substrates  is  less  for  psychrophiles  than 
for  mesophiles.  This  indicates  that  the  enzymatic  activities 
of  the  psychrophiles  are  less  affected  by  a  decrease  in  tempera¬ 
ture  than  those  of  mesophiles.  In  other  words,  lower  activation 
energies  are  required  for  the  enzymes  of  the  psychrophiles  than 
the  mesophiles.  In  fact,  Burton  and  Morita  (1965)  have  reported 
that  malate  dehydrogenase  from  the  psychrophile  Vibrio  marinus 
has  only  half  the  activation  energy  of  the  corresponding  enzyme 
from  a  mesophilic  strain  of  Escherichia  coli.  However ,  Ingraham 
and  Bailey  (1959)  could  not  find  any  difference  in  the  effect 
of  temperature  on  the  cell-free  dehydrogenase  systems  for  malic 
acid,  citric  acid,  and  glucose  -  6  -  phosphate  obtained  from  a 
psychrophilic  strain  of  Pseudomonas  and  a  mesophilic  Escherichia 
coli  strain.  Malcolm  (1967)  has  also  reported  that  temperatures 
of  30°C  have  no  deleterious  effect  on  the  activity  of  all  enzymes 
of  the  Kreb’s  cycle  in  Micrococcus  cryophilus .  Tai  (1967) 
suggested  that  it  was  probable  that  the  enzymes  associated  with 
the  synthesis  and  degration  of  RNA,  and  possibly  those  of  DNA, 
played  the  most  important  role  in  determining  the  heat-sensitivity 
of  Micrococcus  cryophilus .  In  any  event,  the  mechanism  which  en¬ 
ables  psychrophiles  to  grow  at  low  temperature  is  still  unknown. 
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II .  Effects  of  Temperature  on  Growth  and  Composition  of 


Micro-organisms 

For  a  more  complete  picture  of  the  effects  of  tempera¬ 
ture  on  micro-organisms,  it  is  necessary  to  consider  more  detailed 
information  on  growth  and  macromolecular  composition. 

(a)  Growth 

It  is  well  established  that  temperature  profoundly 
affects  all  activities  of  micro-organisms.  Growth  is  obviously 
the  most  important  activity  of  micro-organisms  that  is  affected 
by  the  temperature  of  the  environment.  The  value  for  the  minimum, 
optimum  and  maximum  temperature  for  growth  of  a  micro-organism 
can  vary,  depending  upon  the  chemical  composition  and  physical 
state  of  the  environment  (Farrell  and  Rose,  1965). 

The  principal  difference  between  the  psychrophiles  and 
the  mesophiles  is  that  the  maximum  and  minimum  growth  temperatures 
of  the  former  are  15  -  20°C  and  10  -  15 °C  respectively ,  below  those 
of  the  latter.  The  shape  of  the  growth  curves  for  the  two  classes 
of  bacteria  appears  to  be  quite  similar.  Ingraham  (1958)  compared 
the  effect  of  incubation  temperature  on  the  generation  times  of  a 
psychrophilic  and  a  mesophilic  bacterium,  and  showed  that  the 
psychrophile  had  a  lower  temperature  characteristic  (a  value  which 
is  synonymous  with  y  of  the  Arrhenius  equation)  as  compared  with 
the  mesophile.  This  suggests  that  the  amount  of  activation  energy 


< 


required  in  a  given  temperature  range  is  much  less  for  the 
psychrophile  than  for  the  mesophile.  Somewhat  similar  results 
were  obtained  by  Tai  (1967)  who  found  that  the  value  of  y  for 
Micrococcus  cryophilus  is  10,100  whereas  those  of  its  mesophilic 
mutants,  T8  and  M19,  are  16,000  and  15,000  respectively.  It 
would  appear  that  y  is  markedly  less  for  the  psychrophile  than 
for  the  mesophile.  However,  Shaw  (1967),  and  Hanus  and  Morita 
(1967)  both  reported  that  the  psychrophile  cannot  be  distinguished 
from  the  mesophile  on  the  basis  of  the  temperature  characteristic, 
which  was  found  to  be  the  same  for  both  types.  Tai  (1968,  personal 
communication)  suggests  that  y  for  mesophiles  and  psy chrophiles  may 
only  be  different  when  the  organisms  observed  are  genetically  related. 

The  cardinal  growth  temperatures  -  minimal,  optimal,  and 
maximal  -  may  vary  with  the  composition  of  the  growth  medium  and 
other  cultural  conditions.  Although  most  investigators  have  defined 
optimum  growth  temperature  in  terms  of  maximum  growth  rate,  some 
have  suggested  that  it  should  be  based  on  maximum  cell  crop.  In 
general,  the  optimum  temperature  for  the  latter  is  considerably 
lower  than  that  at  which  growth  is  most  rapid  (Thomas,  1958).  Data 
reported  by  Hess  (1934)  showed  that  although  Pseudomonas  f luorescens 
grew  most  rapidly  at  20°C,  the  maximum  cell  count  occurred  at  5°C. 
There  is  considerable  merit  in  defining  the  optimum  growth  tempera¬ 


ture  as  that  temperature  which  supports  the  largest  cell  yield. 
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But,  in  practice,  this  is  difficult  to  determine  because  months 
of  incubation  may  be  required  at  low  temperatures  to  reach 
maximum  cell  numbers.  A  similar  observation  was  made  by  Dorn 
and  Rahn  (1939)  with  Streptococcus  lactis .  However,  Sinclair 
and  Stokes  (1963)  have  shown  that  equally  large  cell  crops  can 
be  obtained  at  higher  temperatures  when  the  batch  cultures  are 
vigorously  aerated. 

Growth  of  a  culture  of  micro-organisms  is  usually 
divided  into  three  major  phases,  namely  the  lag,  exponential  and 
stationary  phases.  The  duration  of  the  lag  phase,  the  rate  of 
exponential  growth  and  the  yield  of  organisms  are  all  affected 
by  temperature. 

Variation  of  growth  rate  with  temperature,  however, 
conforms  to  a  simple  Arrhenius  equation  only  in  the  central 
region  of  a  bacterial  cell’s  temperature  range.  Above  and  below 
this  middle  region,  cell  growth  does  not  respond  to  temperature 
changes  in  the  manner  predicted  for  a  simple  chemical  reaction. 

Ng  e_t  _al.  (1962)  have  found  that  at  least  one  regulatory  system 
of  Es cherichia  coli  (glucose  repression  of  3-galactosidase 
synthesis)  fails  to  function  at  very  low  temperatures,  and  have 
suggested  that  breakdown  of  control  systems  might  be  one  cause  of 
the  exceptionally  poor  growth  of  cells  at  the  lower  limits  of 
their  temperature  range.  It  would  seem  useful,  therefore,  to 
examine  whether  the  structure  and  chemical  composition  of  a  cell 
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at  these  temperatures  show  any  evidence  of  faulty  or  inadequate 
control . 

(b)  The  Influence  of  Temperature  on  the  Macromolecular  Composition 
of  the  Cell. 

The  protein,  RNA,  DNA  and  lipid  content  of  a  microbial 
cell, and  even  cell  size,  may  differ  greatly  with  temperature  of 
incubation.  The  effects  of  temperature  on  the  composition  of 
bacterial  cells  have  not  been  extensively  examined  in  recent 
years  however,  chiefly  because  of  the  general  finding  that  the 
size  and  gross  chemical  composition  of  a  cell  is  principally 
determined  by  its  chemical  environment  (Schaechter  et_  _al. ,  1958). 

1.  Proteins 

The  proteins  are  essential  constituents  of  all 
living  cells  and  perhaps  the  most  important  as  well  as  the 
most  complex  substances  synthesized  by  micro-organisms.  They 
comprise  40  to  60  percent  of  the  dry  weight  of  most  bacterial 
cells . 

Protein  synthesis  proceeds  at  a  decreased  rate  as  the 
temperature  is  decreased,  in  common  with  all  other  metabolic 
processes.  Goldstein  et^  _al.  (1964)  showed  that  all  the  essential 
steps  in  protein  synthesis  took  place  in  Escherichia  coli  at  0°C, 
and  that  the  rate  of  synthesis  of  total  protein  at  this  tempera¬ 
ture  was  about  350  times  slower  than  that  at  37°C.  However, 
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Harder  and  Veldkamp  (1967)  have  shown  that  the  protein  content 
of  the  cells  increased  towards  both  temperature  extremes. 

2.  Nucleic  Acids 

Hagen  and  Rose  (1961)  showed  that  there  is  no 
marked  difference  in  the  content  of  DNA  in  a  cryptococcus  grown 
at  16°C  compared  with  cultures  of  the  same  age  which  had  been 
transferred  to  30°C  after  120  hr  at  16°C.  Tempest  and  Hunter 
(1965)  found  that  the  amount  of  DNA  in  each  micro-organism, 
expressed  as  a  percentage  of  the  dry  weight,  does  not  alter 
significantly,  whereas,  the  bacterial  RNA  concentration  increases 
progressively  as  the  temperature  of  incubation  is  progressively 
lowered.  It  was  also  pointed  out  by  Harder  and  Veldkamp  (1967) 
that  the  concentration  of  DNA  remained  constant,  only  a  small 
increase  being  detectable  at  temperatures  above  the  optimum 
for  growth  in  an  obligately  psy chrophilic  Pseudomonas  species. 

In  contrast  to  the  concentration  of  DNA,  they  also  showed  that 
an  increase  in  the  incubation  temperature  caused  a  change  in 
the  cellular  RNA  content.  Apparently  opposed  to  these  findings 
was  the  observation  of  Schaechter  e_t  _al.  (1958)  that  the  macro- 
molecular  composition  of  Salmonella  typhimurium  was  not  a 
function  of  growth  rate  when  this  rate  was  altered  by  changing 
the  temperature  of  cultivation  over  the  range  37°C  -  25°C. 
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3.  Lipids 

Temperature  is  a  major  aspect  of  the  environment 
that  affects  microbial  lipid  composition.  The  relative  amount 
of  unsaturated  fatty  acid  tends  to  increase  at  low  temperature, 
and  to  decrease  at  high  temperature.  Plants  (Howell  and  Collins, 
1957),  insects  (Fraenkel  and  Hopf,  1940)  and  micro-organisms 

,t> 

(Gaughran,  1947,,  Kates  and  Hagen,  1964)  all  appear  to  contain 
increased  proportion  of  unsaturated  fatty  acids  if  they  are 
grown  at  low7  temperatures.  It  has  been  suggested  that  this 
represents  an  effort  to  keep  lipids  in  liquid  state  and  therefore 
metabolizable  at  the  lower  temperatures  (O'Leary,  1967).  Marr 
and  Ingraham  (1962)  found  that  variations  in  the  temperature  of 
growth  alter  the  proportions  of  individual  fatty  acids  in  the 
lipids  of  Escherichia  coli .  As  the  temperature  of  growth  is 
lowered,  the  proportion  of  unsaturated  fatty  acids  increases. 

The  increase  in  content  of  unsaturated  fatty  acids  with  a  de¬ 
crease  in  temperature  of  growth  occurs  in  both  minimal  and  complex 
media.  However,  they  found  that  growth  at  a  particular  temper¬ 
ature  did  not  result  in  a  unique  fatty  acid  composition,  since 
altering  the  nutritional  status  independently  of  temperature 
also  resulted  in  major  changes  in  fatty  acid  composition.  Kates 
and  Hagen  (1964)  reported  a  similar  situation  in  a  species  of 
Serratia  that  as  the  incubation  temperature  was  increased  so  was 
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the  degree  of  saturation  of  fatty  acids. 

Psychrophiles  tend  to  have  more  highly  unsaturated 
lipids  than  mesophiles.  Kates  and  Baxter  (1962),  comparing  the 
total  extractable  lipid  in  mesophilic  and  psychrophilic  strains 
of  Candida,  found  it  to  be  approximately  equal  in  each  case, 
but  the  lipid  of  the  psychrophile  contained  a  higher  percentage 
of  unsaturated  fatty  acids. 

This  survey  of  the  literature  has  shown  that  tempera¬ 
ture  can  have  a  profound  effect  on  the  many  and  varied  activities 
of  micro-organisms.  The  present  investigation  on  the  growth  and 
cellular  constituents  of  Micrococcus  cryophilus  was  undertaken 
to  provide  further  information  on  some  of  these  temperature  effects. 
The  information  may  be  of  value  in  elucidating  the  mechanism  of 
growth  of  psychrophiles  at  low  temperatures,  or  conversely  the 
inability  of  psychrophiles  to  grow  at  moderate  temperatures. 
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MATERIALS  AND  METHODS 


I .  GENERAL 


Test  Organism 


The  organism  used  in  the  experiments  was  Micrococcus 
cryophilus  ATCC  15174  (American  Type  Culture  Collection),  an 
obligate  psychrophile  isolated  originally  from  pork  sausage  pre¬ 
pared  from  frozen  meat  by  McLean  e_t  _al.  (1951)  . 

Stock  cultures  were  maintained  at  0°C  by  monthly  sub¬ 
culture  on  trypticase  soy  agar  (Baltimore  Biological  Laboratories). 


Growth  Media  and  Conditions 

Cultures  were  grown  in  300  ml  flasks  containing  100  ml 
medium  and  shaken  at  300  revolutions  per  minute  in  a  New  Brunswick 
Metabolyte  Water  Bath  Shaker  (New  Brunswick  Scientific  Co.,  New 
Jersey,  U.S.A.).  Samples  were  withdrawn  periodically  for  measure¬ 
ment  of  optical  density,  numbers  of  cells,  dry  weight,  protein, 

RNA  and  DNA. 

Two  media  were  used  for  the  cultivation  of  Micrococcus 
cryophilus  ATCC  15174: 

(1)  a  complex  medium,  trypticase  soy  broth  (TSB) 

(2)  a  minimal  medium,  glutamate  -  salts  -  medium  (GSM)  containing 
KH^PO^jS  g;  Sodium  citrate,  5  g;  NaCl,  5  g;  MgSO^^H^O,  0.08  g; 
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MnC^*  ^2^’  S’  FeCl^,  0.001  g;  Monosodium  glutamate,  7.5  g 

and  distilled  water  to  1  liter  (Malcolm  1967).  The  pH  of  this 
medium  was  adjusted  to  7.2  with  IN  KOH.  All  media  were  sterilized 
at  121°C  for  15  minutes.  The  stock  solutions  were  prepared 
separately  and  kept  in  the  refrigerator. 

Preparation  of  Inoculum 

The  inoculum  was  prepared  by  subculturing  the  organ¬ 
isms  four  times  at  the  midlogarithmic  stage  of  growth.  The 
temperature  of  incubation  and  the  type  of  medium  were  the  same 
as  those  to  be  used  in  the  experiments  on  growth. 


II.  GROWTH 

Measurement  of  Growth 

A  1%  inoculum,  prepared  as  above,  was  used  to  inoculate 
flasks  containing  GSM  or  TSB  at  the  same  temperature.  Samples 
were  removed  as  desired  and  examined  as  follows: 

1.  Turbidity:  Growth  was  followed  by  making  periodic  measure¬ 
ments  of  optical  density  of  the  cultures  at  600  my  in  a  spectro 
photometer  (Bausch  &  Lomb  Spectronic  20)  using  uninoculated 
medium  as  a  blank.  Three  flasks  were  used  for  each  measurement 
When  it  was  necessary  to  read  higher  densities,  appropriate 
calculations  were  made  using  known  dilutions  of  the  more  dense 
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sample,  the  diluent  being  uninoculated  medium. 

2.  Dry  Weight:  A  10  ml  sample  of  the  culture  was  harvested 
by  centrifugation  at  0°C  (Sorvall  RC2-B) ,  and  resuspended 
in  5  ml  0.05M  phosphate  buffer,  pH  7.0.  This  suspension 
was  then  transferred  to  a  dried  aluminum  foil  cup  of  known 
weight  and  the  whole  unit  placed  in  a  drying  oven  at  100° C 
for  24  hours.  The  dried  material  was  cooled  to  room  temp¬ 
erature  in  a  dessicator,  weighed,  and  the  dry  weight/ml  of 
original  culture  established.  The  dry  weight  of  cells  per 
ml  was  computed  from  the  optical  density  reading  using  a 
standard  curve  prepared  from  dilutions  of  a  culture  growing 
exponentially  in  glutamate  salts  medium  (Fig.  1).  The 
average  of  three  samples  was  used  for  the  dry  weight  of  the 
cells . 

3.  Viable  cell  counts:  Dilutions  were  made  in  0.1%  peptone 
water  at  0  -  4°C.  Ten  0.01  ml  samples  of  a  suitable  dilution 
were  plated  on  to  the  surface  of  a  plate  poured  24  hours 
previously  and  allowed  to  dry  at  20°C.  Surface  plates  were 
used  to  avoid  possible  heat  damage  to  the  cells  by  mixing 

with  melted  agar  and  to  distinguish  from  possible  contamination. 
The  plates  were  incubated  for  96  hours  at  20°C.  This  pro¬ 
cedure  was  used  in  all  viability  studies. 


. 
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FIG.  1  STANDARD  CURVE  RELATING  TURB I DITY  TO 
DRY  WEIGHT  OF  CELLS 
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Measurement  of  Generation  Time  and  Growth 

The  generation  time  was  determined  by  making  semi- 
logarithmic  plots  of  optical  density  at  600  millimicrons  against 
time  and  calculating  the  time  required  for  the  optical  density 
to  double  from  the  resulting  linear  plot  at  given  temperatures. 
Generation  time  can  also  be  measured  by  viable  counts.  Since 
the  test  organism  is  a  micrococcus,  irregularly  grouped,  but 
largely  in  the  diplococcus  form,  a  colony  count  does  not  reflect 
the  exact  numbers  of  cells  present  but  rather  the  number  of 
colony-forming  units.  Therefore,  the  criterion  of  viability  in 
this  organism  was  doubtful. 

The  rate  of  growth  of  ATCC  15174  was  determined  by 
following  the  OD  increase  with  time  of  incubation.  The  specific 
growth  rate  constant,  K,  in  hr  \  was  computed  from  the  equation: 

K  = - - t - 

generation  time 

Measurement  of  Cell  Size 

Samples  of  a  culture  were  washed  with  phosphate  buffer 
in  an  RC2-B  refrigerated  centrifuge  and  resuspended  in  0.85%  saline. 
The  saline  had  been  freed  of  particulate  matter  by  passing  it 
through  a  graded  series  of  Millipore  filters.  The  size  of  the  cells, 
and  the  distribution  of  cell  size,  was  determined  with  a  Coulter 
Counter  (Coulter  Electronics  Inc.,  Hialeah,  Florida). 
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III.  MEASUREMENT  OF  MACROMOLECULE  COMPOSITION 

At  regular  intervals  samples  were  withdrawn,  centri¬ 
fuged  at  0°C  in  a  refrigerated  centrifuge  (Sorvall  RC2-B)  at 
10,000  r.p.m.  for  20  minutes,  and  resuspended  in  distilled  water. 
The  cells  were  broken  by  treatment  with  sonic  vibrations  (Branson 
Sonifier  S-75)  for  5  minutes. 

Protein  Estimation 

The  protein  content  of  samples  was  estimated  by  the 
Folin  method  of  Lowry  et  al.  (1951).  A  suitable  0.5  ml  dilution 
of  washed  sample  was  mixed  with  5  ml  of  a  mixture  of  1  part  of 
0.5%  copper  sulphate  in  1%  sodium  tartrate  to  50  parts  of  2% 
sodium  carbonate  in  0.1  N  sodium  hydroxide  and  then  incubated  at 
37°C  for  30  minutes.  To  allow  the  second  stage  of  the  reaction 
to  proceed  0.5  ml  of  Folin-Ciocalteau  reagent  (1:1,  aqueous)  was 
added  and  the  intensity  of  the  blue  colour  was  read  at  500  my  in 
a  Spectronic  20  (Bausch  &  Lomb).  The  concentration  of  protein  was 
calculated  from  a  standard  curve  prepared  with  bovine  serum 
albumin  (CalBiochem)  (Fig.  2). 

Ribonucleic  Acid  (RNA)  Estimation 

The  washed  samples  were  depro teinized  by  heating  for  30 
minutes  at  90°C  in  an  equal  volume  of  10%  trichloroacetic  acid. 
Clear,  protein  free,  supernatants  were  obtained  by  filtration 


*. 


18 


TOTAL  PROTEIN  (mg) 


FIG.  2 


STANDARD  CURVE  FOR  DETERMINATION  OF  PROTEIN 
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through  TCA-washed  Whatman  Number  One  filter  papers.  RNA  was 
determined  by  the  orcinol  method  of  Schneider  (1957) .  A  suit 
able  2.5  ml  dilution  of  nucleic  acid  extract  was  mixed  with 
2.5  ml  of  1%  re-crystallized  orcinol  dissolved  in  100  ml  cone 
HC1  containing  0.5g  FeCl^.  The  mixture  was  heated  for  20 
minutes  in  a  boiling  waterbath  and  the  intensity  of  the  green 
colour  read  at  660  mp  in  a  Spectronic  20.  RNA  concentrations 
were  calculated  from  a  standard  curve  prepared  with  yeast 
soluble  RNA  (CalBiochem)  (Fig.  3). 

Deoxyribonucleic  Acid  (DNA)  Estimation 


Deproteinization  of  the  sample  was  accomplished  as 

described  under  RNA  estimation.  A  suitable  4  ml  dilution  of 

nucleic  acid  extract  was  mixed  with  2  ml  of  a  1%  solution  of 

diphenylamine  in  100  ml  glacial  acetic  acid  containing  2.75 

ml  con.  HoS0,.  The  mixture  was  heated  for  10  minutes  in  a 
2  4 

boiling  waterbath  and  the  intensity  of  the  blue  colour  read 
at  600  my  in  a  Spectronic  20  (Schneider,  1957).  DNA  concen¬ 
trations  were  calculated  from  a  standard  curve  prepared  with 
salmon  sperm  DNA  (CalBiochem)  (Fig.  4). 
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O.D.  AT  660  rap 
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FIG.  3  STANDARD  CURVE  FOR  DETERMINATION  OF  RNA 
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IV.  FATTY  ACIDS  ESTIMATION 


Culture  Conditions 


All  cultures  were  grown  in  300  ml  flasks  containing 
100  ml  of  trypticase  soy  broth  and  shaken  at  300  r.p.m.  in  a 
New  Brunswick  Metabolyte  Water  Bath  Shaker  at  3°C,  8°C,  20°C 
and  26°C  respectively,  subcultured  four  times  at  midlogarithmic 
growing  culture.  Samples  were  taken  at  optical  density  2  which 
corresponds  to  2  mg/ml  cell  dry  weight,  determined  from  a  cali¬ 
brated  plot  of  dry  weight  vs.  optical  density  at  600  my. 

Extraction  of  the  Lipid 

The  medium  was  adjusted  to  pH  2.0  with  concentrated 
HC1  before  harvesting,  and  it  was  then  centrifuged  in  a  refriger¬ 
ated  centrifuge  at  10,000  r.p.m.  for  20  minutes.  The  pellet  was 
resuspended  in  0.05M  phosphate  buffer,  pH  7.6,  and  was  recsntri- 
fuged.  The  pellet  from  the  second  centrifugation  was  suspended 
in  isopropanol  (30  ml/100  mg,  dry  weight)  and  was  refluxed  for 
20  minutes.  After  adding  100  ml  of  chloroform  and  20  ml  of 
methanol,  the  bacteria  were  dispersed  by  ultrasonic  vibration 
(Branson  Sonifier  Model  S-75,  Branson  Instruments  Inc.,  Darbury, 
Conn.)  for  5  minutes  and  stirred  for  20  minutes  with  a  magnetic 
stirrer  according  to  the  method  of  White  and  Frerman  (1967).  The 
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extracts  were  then  filtered  through  glass  wool  and  partitioned 
against  0.73  percent  NaCl  solution  (Folch  _et  al.  ,  1957). 

Preparation  of  Fatty  Acid  Methyl  Esters 

Lipids  extracted  from  cells  were  methylated  with 
boron  fluoride-methanol  according  to  the  method  of  Morrison  and 
Smith  (1964) .  An  aliquot  of  lipid  was  transferred  to  a  culture 
tube  provided  with  a  Teflon-lined  screw  cap.  Boron  fluoride- 
methanol  reagent  made  up  of  25%  boron  fluoride-methanol  (140  g 
BF^  per  liter  of  methanol),  20%  pentane  and  55%  methanol,  is 
added  under  nitrogen,  in  the  proportion  of  1  ml  reagent  per  5  mg 
of  lipid,  and  the  tube  closed  with  the  screw  cap.  The  tube  was 
then  heated  in  a  boiling  water  bath  for  30  minutes,  cooled,  and 
opened.  The  esters  were  extracted  by  adding  2  volumes  of  pentane 
then  1  volume  of  water,  shaking  briefly  and  standing  until  both 
layers  were  clear.  Fatty  acid  methyl  esters  were  then  analyzed 
by  gas-liquid  chromatography. 

Identification  of  the  Fatty  Acid  Esters 

The  principal  fatty  acids  of  Micrococcus  cryophilus 
were  identified  by  gas-liquid  chromatography  of  the  methyl  esters 
The  fatty  acid  methyl  esters  were  analyzed  in  a  Model  A90  -  P3 
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gas  chromatograph  with  thermal  conductivity  detector  (Varian 
Aerograph).  The  aluminum  column,  6’  x  0.25",  was  packed  with 
20%  diethylene  glycol  succinate  on  60  -  80  mesh  firebrick  and 
operated  at  210°C.  The  detector  and  injector  were  operated  at 
250°C  and  260°C  respectively.  Helium  served  as  carrier  gas; 
flow  rate  was  maintained  at  100  ml  per  minute.  The  appearance 
of  each  fatty  acid  was  recorded  with  a  Photovolt  Microcord 
Model  44  and  the  fatty  acids  were  determined  quantitatively 
by  an  electronic  integrator.  The  identification  of  fatty  acids 
was  made  by  comparison  with  the  retention  times  of  known  com¬ 
pounds.  This  procedure  was  carried  out  by  Mr.  Shen  in  the 
Department  of  Animal  Science,  University  of  Alberta. 


' 
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RESULTS 


I.  GROWTH 

The  growth  curves  of  M.  cryophilus  show  that  this 
organism  is  capable  of  growth  at  any  temperature  between  2°C 
and  26°C,  in  glutamate  salts  minimum  medium  and  trypticase 
soy  broth.  The  results  of  a  typical  series  of  experiments 
using  GSM  are  shown  in  Fig.  5.  It  can  be  seen  that  changes 
in  temperature  of  incubation  influenced  every  stage  of  growth. 
Temperatures  lower  or  higher  than  the  optimum  (20°C)  resulted 
in  an  extension  of  the  lag  phase  and  a  longer  exponential 
phase.  Where  the  phase  of  decline  was  observed  it  was  entered 
into  more  quickly  and  progressed  more  rapidly  at  higher  tempera¬ 
tures.  It  is  noteworthy  to  point  out  that  the  organisms  ex¬ 
hibited  a  "normal"  growth  cycle  at  each  temperature  studied,  and 
that  these  cycles  differed  from  each  other  in  degree  rather  than 
in  fundamental  characteristics.  Furthermore,  it  can  be  seen 
that  even  though  these  cultures  are  psychrophilic,  in  that  their 
development  was  retarded  by  each  successive  drop  in  temperature 
from  2.0°C  through  2°C.  The  growth  curves  of  M.  cryophilus  in 
TSB  are  quite  similar  to  those  in  GSM  except  that  the  lag  phase 
is  reduced,  more  cell  mass  is  produced  and  generation  time  is 
shortened  (Fig.  6).  The  generation  time  of  M.  cryophilus  in 
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FIG.  5  THE  EFFECT  OF  INCUBATION  TEMPERATURES  ON  THE 
GROWTH  OF  M.  cryophiius  IN  GLUTAMATE  SALTS 
MEDIUM 
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TIME  (  hours ) 


FIG.  6  EFFECT  OF  INCUBATION  TEMPERATURE  ON  THE 
GROWTH  OFjM.  cryophilus  IN  TRYPTICASE  SOY 
BROTH 
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the  exponential  phase  at  20°C  is  180  minutes  in  TSB  and  288 
minutes  in  GSM.  The  growth  rates  of  M.  cryophilus  in  both 
TSB  and  GSM  are  shown  in  Table  1. 

The  temperature  effect  on  the  growth  rate  can  be 
presented  as  an  Arrhenius  type  plot  (Fig.  7).  The  shape  of 
the  curves  of  M.  cryophilus  in  both  TSB  and  GSM  are  exactly 
the  same.  The  slope  of  the  linear  portion  of  the  descending 
curve  is  the  temperature  characteristic  (y) ,  and  its  numerical 
value  in  calories  is  calculated  from  the  formula: 

rate  or  In  rate  =  Ae  =  -y/RT  +  C 

where  A  is  the  entropy  constant,  R  is  the  gas  law  constant,  and 
T  is  the  absolute  temperature.  The  value  of  y  for  M.  cryophilus 
is  10,100,  calculated  from  the  above  formula,  in  both  media.  The 
same  y  value  with  M.  cryophilus  was  reported  by  Tai  (1967)  in  GSM, 
while  its  mesophilic  mutants  T8  and  M19  were  about  16,100  and 
15,000  respectively. 

II.  MAC  ROMO  L  E  C ITL  AR  COMPOSITION 

The  average  diameter  of  the  cells,  as  determined  by 
the  Coulter  counter,  was  1.5y,  1.4y,  1.4y  for  cells  grown  at 
3°C,  20°C,  and  26°C  respectively.  The  total  DNA,  RNA  and  protein 
content  of  the  cells,  grown  at  different  temperatures  in  GSM,  were 
estimated  by  colorimetric  assay.  The  results  are  presented  in 
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Table  1.  Growth 
Medium 

Rate  (k)  of  M.  cryophilus  in 
and  in  Trypticase  Soy  Broth. 

Glutamate  Salts 

1 

Temperature 

k  (hr 

) 

(°C) 

GSM 

TSB 

26 

0.083 

0.128 

24 

0.096 

0.165 

20 

0.144 

0.231 

14 

0.089 

— 

8 

0.064 

0.096 

5 

0.040 

0.072 

2 

0.028 

0.039 

LOG  ^  GROWTH  RATE  +  4.6052 
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TEMPERATURE  (1/°K  x  10 4 ) 

FIG.  7  ARRHENIUS  PLOT  OF  THE  RELATIONSHIP  BETWEEN 
GROWTH  RATE  AND  THE  REG  I  PROCAL  OF  THE 
ABSOLUTE  TEMPERATURE  FOR  THE  GROWTH  OF 
Micrococcuscryophilus in  T.S.  B.  and  in  G.S.M. 
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Figs.  8  -  10,  in  which  the  content  of  DNA,  RNA  and  protein 
(pg/ml)  is  plotted  against  incubation  temperature.  An  increase 
in  growth  temperature  from  20°C  to  24°C  resulted  in  a  marked 
increase  in  the  level  of  cellular  RNA  and  a  small  increase  in 
protein  content;  the  cellular  RNA  increased  by  approximately 
60%  and  protein  content  increased  by  13%.  A  further  increase 
in  growth  temperature  to  26° C,  however,  caused  a  sudden  de¬ 
crease  of  both  RNA  and  DNA,  whereas  the  protein  still  continued 
to  increase.  Lowering  the  growth  temperature  below  8°C  also 
resulted  in  a  marked  increase  of  both  cellular  RNA  and  protein 
content;  the  cellular  RNA  increased  by  almost  60%  and  protein 
increased  by  approximately  the  same  amount  as  the  incubation 
temperature  was  reduced  from  20°C  to  2°C.  Between  20°C  and  8°C, 
however,  the  level  of  RNA  and  proteins  remained  constant.  The 
concentration  of  DNA  also  increased  towards  temperature  extremes; 
the  level  of  DNA  increased  as  the  growth  temperature  was  lowered 
from  20°C  to  2°C;  a  small  increase  in  DNA  was  also  noticed  as  the 
temperature  was  raised  from  20°C  to  24°C.  A  further  elevation 
of  growth  temperature  from  24° C  to  26° C  caused  a  marked  decrease 
of  DNA  content. 

In  order  to  determine  whether  these  changes  with  temp¬ 
erature  were  independent  of  the  nature  of  the  medium, the 
temperature  effect  on  the  macromolecular  composition  of 
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TEMPERATURE  (°C) 

FIG.  8  EFFECT  OF  TEMPERATURE  ON  DNA  CONTENT  OF 
__M.  cryoph ilus  in  GLUTAMATE  SALTS  MEDIUM 
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FIG.  9  EFFECT  OF  TEMPERATURE  ON  RNA  CONTENT  OF 
M.  cryophilus  IN  GLUTAMATE  SALTS  MEDIUM 
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FIG.  10  EFFECT  OF  THE  TEMPERATURE  ON  PROTEIN  CONTENT 
OF  M.  cryophilus  in  GLUTAMATE  SALTS  MEDIUM 
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M.  cryophilus  in  TSB  at  20°C  and  26°C  were  also  examined.  Fig.  11 
shows  that  similar  changes  occur  in  macromolecular  composition 
in  GSM  as  in  TSB,  the  only  difference  being  that  the  cellular 
RNA  decreased  in  GSM,  whereas  it  increased  markedly  in  TSB  from 
20°C  to  26°C.  The  difference  is  most  likely  due  to  the  presence 
of  certain  essential  elements  for  RNA  synthesis  that  would  be 
present  in  TSB,  e.g.  bases,  nucleosides  and  nucleotides.  There¬ 
fore  de  novo  synthesis  of  these  compounds  is  not  required  in 
TSB,  while  moderate  temperature  might  cause  a  thermal  damage  to 
the  synthesis  of  these  compounds.  Although  the  amount  of  DNA 
decreased  in  both  media  at  26°C,  the  relative  rate  of  decrease 
of  DNA  content  was  much  less  in  TSB  than  in  GSM.  In  organisms 
that  had  entered  the  phase  of  decline  of  growth,  the  rate  of 
RNA  degradation  also  depended  upon  the  nature  of  the  growth 
medium  as  shown  in  Fig.  12  and  Fig.  13.  In  GSM,  the  content  of 
RNA  fell  rapidly  as  the  organisms  entered  into  the  decline  phase 
especially  at  high  temperatures.  In  TSB,  on  the  contrary,  the 
concentration  of  RNA  appeared  to  remain  constant,  only  a  small 
decrease  being  noticed  above  20°C. 

The  ratios  of  RNA/Protein  in  cultures  of  M.  cryophilus 
grown  in  different  media  were  calculated  and  are  shown  in  Table  2. 
It  can  be  seen  that  the  ratio  RNA/Protein  is  higher  in  a  richer 
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FIG.  11  EFFECT  OF  TEMPERATURE  ON  CELL  COMPOSITION 
OF_M_.  cryophilus  IN  TRYPTICASE  SOY  BROTH. 


1500 


1000 


500 


- >0 

PROTEIN 


RNA  (ug/mg  dry  wt.  cells) 


37 


1000 


3 _ _ _ _ i _ i _ t _ i _ _ i _ _ i . 

0  24  48  72  96  120  144 

TIME  (hours) 

FIG.  12  EFFECT  OF  AGE  OF  CULTURE  ON  LEVEL  OF  RNA 
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FIG.  13  THE  RELATIVE  INCREASES  OF  RNA  IN  M. 

cryophilus  GROWN  IN  TRYPTICASE  SOY  BROTH 
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Table  2. 

The  Effect  of 
Grown  at  20° C. 

Medium  on  RNA/Protein  Ratio  of  M. 

cryophilus 

Optical 

RNA 

Protein 

Medium 

Density 

(yg  /ml) 

(yg/ml) 

RNA/Protein 

2.0 

105 

530 

0.20 

GSM 

3.0 

155 

830 

0.19 

2.0 

190 

660 

0.29 

3.0 


255 


890 


0.29 


to 
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III.  LIPIDS 

The  effect  of  temperature  on  the  fatty  acid  composition 
of  M.  cryophilus  was  tested  by  growing  this  psychrophilic  micro¬ 
organism  at  2°C,  8°C,  20°C  and  26°C  to  the  same  culture  density, 
at  which  time  the  fatty  acid  content  was  determined.  The  results 
from  these  studies  are  shown  in  Table  3.  The  lipid  of  M.  cryophilus 
is  composed  largely  of  unsaturated  fatty  acids,  regardless  of  the 
temperature  at  which  it  is  grown.  The  degree  of  unsaturation  is 
above  0.86  double  bonds /mole  at  all  temperatures.  As  the  temp¬ 
erature  of  growth  was  lowered,  the  degree  of  unsaturation  increased 
progressively.  The  degree  of  unsaturation  at  3°C  was  0.95  double 
bonds /mole  compared  to  a  value  of  0.90  double  bonds/mole  at  8°C 
and  0.86  double  bonds/mole  at  20°C.  In  all  cases,  the  corresponding 
saturated  acids  were  also  present  but  in  lower  proportions. 

At  temperatures  below  the  optimal  growth  temperature  (20°C) 
a  large  reduction  in  the  amount  of  octadecenoic  acid  and  a  corres¬ 
ponding  increase  in  hexadecenoic  acid  were  noted.  The  percentage 
of  all  the  saturated  acids  decreased  progressively.  It  should  be 
noted  that  organisms  grown  at  26° C  contained  a  large  amount  of 
tetradecenoic  acid  but  this  acid  was  only  a  minor  component  in  the 
organisms  grown  between  20° C  and  3°C.  Small  amounts  of  both  hexa¬ 
decenoic  acid  and  octadecenoic  acid  were  also  present  in  cultures 
grown  at  26°C.  The  changes  in  the  proportions  of  tetradecenoic 
acid,  hexadecenoic  acid  and  octadecenoic  acid  are  shown  in  Fig.  14. 
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Table  3.  Effect  of  Growth  Temperature  on  the  Fatty  Acid  Composition 
of  M.  cryophilus  Grown  in  Trypticase  Soy  Broth. 


Temperature  of  Growth  (°C) 

Fatty  Acid 

3 

8  20 

26 

%*  %  %  % 


Capric 

Trace 

Trace 

Trace 

0.12 

Laurie 

0.33 

0.51 

0.65 

0.19 

Unknown  (1) 

Trace 

Trace 

Trace 

0.42 

Unknown  ( 2 ) 

Trace 

Trace 

Trace 

0.77 

Myristic 

1.28 

1.50 

2.39 

2.34 

Tetradecenoic 

0.59 

0.48 

0.35 

53.82 

Unknown  (3) 

0.11 

0.15 

0.20 

1.  32 

Palmitic 

3.17 

4.52 

6.86 

5.11 

Hexadecenoic 

53.60 

32.38 

25.79 

15.01 

Stearic 

0.31 

0.72 

3.37 

1.75 

Octadecenoic 

40.37 

56.91 

60.09 

19.06 

Unsaturation, 

A /mole 

0.95 

0.90 

0.86 

0.88 

*  Results  are  expressed  as  percentage  by  weight 
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TEMPERATURE  (°C) 


FIG.  14  THE  EFFECT  OF  GROWTH  TEMPERATURE  ON  THE 
FATTY  ACID  COMPOSITION  OF  Micrococcus 
cryophilus 
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DISCUSSION  AND  CONCLUSIONS 


In  the  present  investigation  the  growth  rate  of  M. 
cryophilus  was  found  to  be  slower  in  GSM  than  in  TSB.  Similar 
results  have  been  reported  by  Perret  (1958)  with  Escherichia 
coli  who  showed  that  different  growth  rates  were  obtained  in 
different  media.  Since  under  conditions  of  unrestricted  growth, 
the  growth  rate  is  limited  by  the  type  of  nutrients  and  not  by 
their  concentration,  certain  substrates  present  in  TSB  are 
certainly  responsible  for  the  observed  differences. 

It  has  been  shown  that  the  growth  rate  of  psychrophiles 
decreases  more  slowly  than  that  of  mesophiles,  with  decreasing 
temperature  (Ingraham  and  Bailey,  1959  and  Tai,  1967).  This 
effect  of  decreasing  temperature  on  bacterial  growth  rate  is 
described  in  mathematical  terms  by  the  Arrhenius  equation.  The 
data  for  growth  rates  obtained  in  this  study  fit  this  equation 
rather  well  over  a  considerable  portion  of  the  temperature  range 
in  which  growth  occurs  (8°C  to  20°C).  In  other  words,  the  tempera¬ 
ture  characteristic  of  the  growth  rate  is  relatively  constant 
near  the  centre  of  the  temperature  range  over  which  growth  occurs; 
it  decreases  at  higher  temperatures,  and  at  lower  temperatures  it 
increases  dramatically.  There  are  two  hypotheses  to  explain  increases 
in  p  at  low  temperature.  (i)  The  reactions  of  a  biological 
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process  such  as  bacterial  growth  are  complex,  and  an  observed 
increase  in  y  at  low  temperature  is  a  direct  result  of  complex 
chemical  kinetics.  (ii )  Although  y  is  constant  within  a 
certain  range,  growth  at  low  temperature  changes  the  composition 
of  the  cells  such  that  the  specific  growth  rate  is  less  than 
would  be  expected  from  kinetic  considerations  alone,  resulting 
in  a  change  in  the  value  of  y  (Ng  et  al. ,  1962). 

The  temperature  characteristic  appears  to  be  a  constant 
for  a  particular  organism.  Although  the  growth  rates  of  M. 
cryophilus  in  the  GSM  were  different  from  those  in  the  TSB,  the 
same  y  value  of  10,100  calories  was  obtained  over  the  range  from 
8°C  to  20°C  in  both  media.  A  relatively  constant  y  value  was 
previously  reported  for  Escherichia  coli  in  different  media  by 
Monod,  Johnson  _et  a_l.  and  Ingraham.  Using  synthetic  media  Monod 
obtained  a  value  for  y  of  14,500  calories,  Johnson  ejt  al.  found 
a  value  of  15,000  calories,  and  Ingraham  using  a  complex  medium 
found  a  value  of  14,000  calories.  The  growth  rate  in  the  complex 
medium  was  twice  the  growth  rate  in  the  synthetic  medium.  These 
results  are  reported  by  Ingraham  (1958). 

The  cellular  content  of  protein,  RNA,  DNA,  lipid  and 
cell  size  may  be  affected  by  growth  temperatiare .  However  until 
relatively  recently,  quantitative  analyses  and  descriptions  of 
these  differences  were  sparse,  and  the  few  published  papers 
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attracted  little  attention.  In  the  present  study  it  has 
been  shown  that  the  macromolecular  composition  of  M.  cryophilus 
varies  with  the  temperature  of  incubation  for  growth.  Schaechter 
et  al.  (1958)  observed  that  the  macromolecular  composition  of 
Salmonella  typhimurium  was  not  affected  by  the  growth  rate  when 
this  was  altered  by  changing  the  temperature  of  incubation.  The 
results  of  these  two  studies  would  therefore  appear  to  be 
directly  opposed. 

However,  more  detailed  examination  of  the  experimental 
conditions  and  data  show  that  the  results  are  not  incompatible, 
and  in  fact  they  are  in  agreement.  Schaechter  e_t  a_l.  studied 
the  changes  in  macromolecular  composition  over  a  fairly  narrow 
range  of  temperature,  25  -  37° C.  The  temperature  range  for 
growth  of  S_.  typhimurium ,  a  mesophile,  is  probably  from  10°C 
to  43° C  with  an  optimum  at  37°C.  Thus  the  range  of  temperature 
used  by  Schaechter  et  al.  was  12  centigrade  degrees,  the  minimum 
temperature  at  which  growth  was  studied  being  only  12° C  below 
the  optimum.  If  we  look  at  a  similar  section  of  the  growth 
range  for  M.  cryophilus  the  results  are  in  complete  agreement 
with  those  of  Schaechter  e_t  al_.  From  the  optimum  (20°C)  down 
to  8°C,  a  range  of  "12  centigrade  degrees"  there  is  no  change 
in  the  macromolecular  composition.  It  is  interesting  to  note 
that  the  growth  rates  in  the  temperature  range  from  8°C  to  20oC} 


■ 

. 


46  - 


when  presented  as  an  Arrhenius  plot  (Fig.  7)  give  rise  to 
the  straight  line  portion  of  the  curve  that  is  normally 
associated  with  balanced  growth.  From  this  it  is  concluded, 
in  agreement  with  the  results  of  Schaechter  e_t  _al.  that  under 
conditions  of  balanced  growth,  as  determined  from  an  Arrhenius 
plot,  M.  cryophilus  exists  in  a  stable  physiological  state. 

The  results  of  Tempest  and  Hunter  (1965)  and  Harder 
and  Veldkamp  (1967)  are  of  interest  at  this  time.  Working 
with  chemostat  cultures  it  was  found  that  by  lowering  the 
temperature  and  maintaining  a  constant  growth  rate,  the  RNA 
content  of  the  organisms  could  be  increased.  .  The  increase  in 
the  level  of  RNA  would  be  necessary  to  maintain  a  constant 
overall  rate  of  protein  synthesis,  and  hence  a  constant  growth 
rate . 

The  changes  in  the  R.NA  and  protein  content  of  M. 
cryophilus  noted  below  8°C  and  above  20°C  need  some  explanation 
As  the  level  of  RNA  and  the  level  of  protein  are  proportional 
the  discussion  will  be  limited  to  RNA. 

Certain  metabolic  systems  within  the  cell  are  more 
closely  associated  with  RNA  than  others  e.g.  RNA  polymerase  and 
RNA  depolymerase.  The  activity  of  these  two  enzymes  will  play 
a  major  role  in  the  level  of  RNA  within  a  cell.  However,  the 
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overall  physiological  activities  of  the  cell  will  also  affect 
the  level  of  RNA  either  directly  or  indirectly.  It  is  suggested 
that  as  the  temperature  falls  below  8°C  the  cells  are  in  a 
temperature  range  in  which  growth  is  unbalanced.  This  is  sub¬ 
stantiated  by  the  results  of  the  Arrhenius  plot.  During 
unbalanced  growth  the  physiological  activities  of  the  cell  are 
affected  in  such  a  way  as  to  lead  to  an  increase  in  the  level 
of  RNA.  Without  further  investigation  it  is  not  possible  to 
state  with  any  degree  of  certainty  the  exact  nature  of  the 
physiological  changes.  However  Tai  (1967 ) reported  different 
temperature  optima  for  RNA  polymerase  (20°C)  and  RNA  depoly¬ 
merase  (37 °C)  in  cell  extracts  of  M.  cryophilus .  It  is  thus  not 
inconceivable  that  as  the  temperature  of  incubation  is  reduced 
below  8°C  that  the  activity  of  the  two  enzymes  is  affected 
differently,  the  activity  of  the  polymerase  being  less  affected 
than  the  activity  of  the  depolymerase.  Such  a  situation  could 
lead  to  an  increase  in  cellular  levels  of  RNA  and  hence  an 
increase  in  cellular  levels  of  protein.  Further  investigation 
of  the  increase  in  the  level  of  RNA  at  low  temperatures  is 
suggested,  particularly  in  a  comparative  study  of  psy chrophiles 
and  mesophiles,  with  the  object  of  determining  whether  this 
phenomenon  is  peculiar  to  psychrophiles ,  or  whether  it  is  a 
general  biological  phenomenon.  Should  the  phenomenon  be 
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associated  only  with  psychrophiles  this  could  be  a  major 
reason  why  psychrophiles  possess  the  ability  to  grow  at  low 
temperatures . 

Looking  at  the  other  end  of  the  temperature  scale 
it  can  be  seen  that  an  increase  in  growth  temperature  from 
20° C  to  24° C  resulted  in  a  marked  increase  in  the  RNA  content 
of  the  cells,  with  a  relatively  smaller  increase  in  protein. 
Again  wTe  are  dealing  with  organisms  in  an  unbalanced  state 
of  growth,  when  many  physiological  activities  may  be  affected. 
It  is  possible  that  the  increase  in  PJSLA  is  an  effort  to  compen¬ 
sate  for  an  impairment  in  protein  synthesis  as  suggested  by 
Harder  and  Veldkamp  (1967)  who  found  similar  results  with  an 
obligately  psy chrophilic  Pseudomonas  sp.  at  temperatures 
above  the  optimum. 

The  decrease  in  ENA  and  DNA  levels  at  26° C  would 
indicate  a  shift  in  the  control  mechanisms  of  the  cell  in  such 
a  way  that  RNA  and  DNA  are  degraded  more  rapidly  than  they 
are  synthesized.  Tai  (1967)  found  that  the  activity  of  ENA 
polymerase  was  reduced  at  temperatures  above  20°C  and  the 
activity  of  ENA  depolymerase  increases  rapidly  above  20°C. 
Further  investigation  would  be  necessary  to  determine  whether 
a  similar  situation  exists  with  regard  to  DNA.  The  reason 
why  the  protein  level  of  the  cells  continues  to  increase  at 
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26°C  is  not  apparent. 

The  DNA  in  an  actively  growing  cell  increases  from 
1  unit  to  2  units,  after  which  division  of  the  cell  into 
two  daughter  cells  occurs.  Therefore  in  an  exponential 
culture  the  mean  level  of  DNA  should  be  approximately  1.5 
units.  For  these  reasons  the  increased  levels  of  DNA  in 
cultures  of  M.  cry ophilus  grown  at  2°C  are  not  readily  under¬ 
standable.  One  possible  explanation  is  that  DNA  synthesis 
proceeds  at  2°C,  although  at  a  reduced  rate,  and  that  certain 
other  mechanisms  "involved"  in  the  process  of  cell  division 
become  limiting,  thereby  leading  to  an  accumulation  of  cells 
with  a  full  complement  of  DNA.  Such  events  would  bring  about 
a  general  increase  in  the  level  of  DNA  of  a  culture. 

It  is  well  known  that  the  chemical  composition  of 
cells  changes  with  the  composition  of  the  medium.  Schaechter 
et  al .  (1958)  and  Neidhardt  e_t  jal.  (1959)  have  shown  that  the 
RNA  content  of  cells  was  greatly  affected  by  differences  in 
the  composition  of  the  medium.  It  has  also  been  shown  by 
Caldwell  et  al.  (1950),  Brachet  (1955)  and  Kurland  e_t  al.  (1962) 
that  the  faster  cells  grow  the  richer  they  are  in  RNA  when 
growth  rate  is  altered  by  the  composition  of  the  medium. 

Price  (1951)  reported  that  the  ratio  of  RNA  to  protein  per  cell 
was  much  higher  for  fast  growing  cells  than  for  the  slower 
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growing  cells.  The  results  of  the  present  studies  are  in 
accordance  with  these  findings  (Table  3) .  The  soluble  RNA/DNA 
ratio  is  constant  irrespective  of  the  growth  rate  afforded  by 
the  medium  and  the  ribosomal  RNA/DNA  ratio  increases  proportion¬ 
ately  with  the  growth  rate  afforded  by  the  medium  (Kjeldgaard 
and  Kurland,  1963). 

The  onset  of  the  stationary  phase  of  growth  of  a 
culture  may  occur  for  several  reasons:  e.g.  exhaustion  of 
some  constituents  of  the  medium,  accumulation  of  toxic 
metabolic  products,  limitation  of  oxygen.  When  growth  is 
limited  by  the  exhaustion  of  carbon  and  energy  sources  the 
culture  may  utilize  endogenous  substrates  for  maintainance . 

This  phenomenon  may  explain  the  marked  decrease  in  the  level  of 
RNA  in  stationary  phase  cultures  grown  at  20,  24  and  26°C  in 
glutamate  salts  medium.  This  is  supported  by  the  data  of  Tai 
(1967)  that  M.  cryophilus  respires  more  endogenous  reserves 
at  high  temperatures  and  has  a  maximum  endogenous  respiration 
rate  at  25°C.  The  decrease  in  the  level  of  RNA  in  similar 
cultures  grown  in  TSB  is  much  less  apparent,  probably  due  to 
the  greater  supply  of  nutrients  in  the  complex  medium. 

Leathes  and  Raper,  (192 5) were  among  the  first  to 
attempt  the  correlation  of  growth  temperature  with  degree  of 
unsaturation  of  cellular  lipids.  Using  lipids  of  plants  and 
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animals,  they  found  that  highly  unsaturated  lipids  were  pro¬ 
duced  at  low  environmental  temperatures,  whereas  the  most 
saturated  lipids  were  obtained  at  high  temperatures  (Long  and 
Williams,  1960).  Subsequently,  the  relationship  between 
growth  temperature  and  fatty  acid  unsaturation  has  been  noted 
in  many  micro-organisms  (Pearson  and  Raper,  1927  and  Gaughran, 
1947) . 

The  study  of  the  effect  of  growth  temperature  on  the 
fatty  acid  composition  of  M.  cryophilus  shows  that  the  cells 
contain  a  higher  percentage  of  unsaturated  fatty  acids  with 
decreasing  temperature  of  growth.  An  increase  in  unsaturation 
of  a  lipid  lowers  its  melting  point  and  therefore  it  has  been 
postulated  that  the  ability  of  a  psychrophile  to  grow  at  low 
temperature  may  be  due  to  its  increased  content  of  highly  un¬ 
saturated  fatty  acid.  Kates  and  Baxter  (1962)  have  shown  that 
the  fatty  acids  of  certain  psy chrophilic  yeasts  of  the  Candida 
genus  were  more  highly  unsaturated  than  those  of  the  mesophilic 
yeast,  CL  lipoly tica.  For  further  comparison,  the  fatty  acids 
of  another  mesophile,  Rhodotorula  glutinis,  were  examined  and 
were  also  found  to  be  less  unsaturated  than  those  of  the  psychro- 
philic  yeasts.  It  is  known  from  studies  with  Escherichia  coli 
(Marr  and  Ingraham,  1962)  Candida  lipolytica  (Kates  and  Baxter, 
1962)  and  Serratia  mar cescens  (Bishop  and  Still,  1963)  that 
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variations  in  the  temperature  of  growth  alter  the  proportions 
of  individual  fatty  acids  in  the  lipids  of  micro-organism. 

Since  the  fatty  acids  in  bacteria  are  mainly  contained  in 
phospholipids,  which  are  an  essential  part  of  the  structure 
of  the  cell  membrane  rather  than  mere  storage  products,  Marr 
and  Ingraham  (1962)  suggested  that  changes  in  fatty  acid 
composition  with  growth  temperature  were  adaptations  to 
environments  of  different  temperature. 

It  has  been  suggested  (Heilbrunn,  1924;  Gaughran, 

1947;  Kates  and  Baxter,  1962)  that  the  composition  of  the 
lipids  of  micro-organisms  may  set  the  limits  of  temperature 
for  growth.  Heilbrunn  (1924)  proposed  that  melting  of  lipids 
at  high  temperature  destroys  essential  structures  of  the  cell; 
i.e.,  the  temperature  at  which  the  lipid  melts  is  the  maximal 
temperature  for  growth.  If  elevated  temperature  were  to  affect 
cellular  lipids  in  such  a  way  that  growth  halted,  the  membrane 
of  the  cell  with  its  lipoprotein  structure  might  be  the  most 
obvious  part  of  the  cell  to  look  for  damage.  Gross  changes 
in  membrane  function  would  perhaps  be  revealed  as  a  loss  of 
control  over  cellular  permeability.  Haight  and  Morita  (1966) 
have  observed  leakage  of  cellular  components  into  the  surrounding 
menstruum  when  Vibrio  marinus  was  subjected  to  a  temperature 


above  the  organism’s  maximum  growth  temperature.  However  Hagen 
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e_t  juL.  (1964),  in  a  similar  experiment  with  a  different 
psychrophile ,  found  that  loss  of  viability  occurred  prior  to 
lysis.  Again,  Malcolm  (1967)  indicated  that  death  of  M. 
cryophilus  preceded  lysis  at  elevated  temperature.  Gaughran 

/  b 

(1947),  who  investigated  the  lipid  composition  of  steno-  and 
euro-thermophilic  bacteria,  suggested  that  cells  can  not  grow 
at  a  temperature  below  the  solidification  point  of  their  lipids; 
i.e.,  the  temperature  at  which  the  lipids  solidify  is  the 
minimal  temperature  for  growth.  However,  Shaw  and  Ingraham 
(1965)  have  concluded  that  the  fatty  acid  composition  of  cells 
does  not  determine  the  minimal  growth  temperature  for  Escherichia 
coli . 

Almost  nothing  is  known  of  the  biochemical  basis  of 
this  effect  of  temperature  on  the  fatty  acid  composition  of 
micro-organisms.  The  possibility  that  temperature  alters  the 
fatty  acid  composition  through  changing  the  growth  rate  has 
been  eliminated  by  Marr  and  Ingraham  (1962) .  They  have  shown 
that  increasing  the  growth  rate  by  supplementation  of  minimal 
medium  with  Casamino  A.cids  or  yeast  extract  results  in  a  higher 
proportion  of  unsaturated  fatty  acids,  but  increasing  the  growth 
rate  by  increasing  temperature  results  in  a  lower  proportion  of 
unsaturated  fatty  acids.  It  has  been  proposed  by  Meyer  and  Block 
(1963)  that  the  lower  growth  temperatures  stimulate  the  activity 
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of  the  desaturating  enzymes  provide  an  explanation  for  this 
shift  of  the  fatty  acid  spectrum  to  higher  levels  of  unsatur¬ 
ation.  It  is  possible  that  growth  temperature  directly  affects 
the  relative  rates  of  two  or  more  enzymes  which  synthesize 
saturated  and  unsaturated  acids,  respectively.  Another  possi¬ 
bility  suggested  by  Marr  and  Ingraham  (1962)  is  that  an  indirect 
effect  may  result  from  changes  in  the  concentration  of  inter¬ 
mediates  which  are  necessary  for  the  syntheses  of  some  fatty  acids. 

Kates  and  Baxter  (1962)  suggested  that  the  fatty  acid 
composition  of  micro-organisms  at  a  particular  temperature  is 
the  result  of  differences  in  the  rates  of  fatty  acid  synthesis 
and  oxidative  breakdown  at  that  particular  temperature.  Degradation 
of  octadecenoic  acid  and  linoleic  acids  to  acetate  has  previously 
been  found  to  occur  in  Neurospora  crassa  (Lein  et_  al.  1950) .  Gale 
(1955)  reported  that  saturated  n-fatty  acids  were  oxidized  at  a 
rapid  rate  in  Candida  albicans  and  Gaby  e_t  _al.  (1957)  also  reported 
that  Penici Ilium  chrysogenum  can  readily  oxidize  unsaturated  fatty 
acids,  including  octadecenoic  acid.  The  observed  decreases  of 
hexadecenoic  acid  and  octadecenoic  acid  in  M.  cryophilus  may  result 
from  oxidative  breakdown  to  tetradecenoic  acid,  and  cause  a 
striking  increase  of  tetradecenoic  acid  content  at  26°C.  There 
is  also  the  possibility  that  the  activity  of  the  enzymes  which 
are  responsible  for  the  synthesis  of  tetradecenoic  acid  are  optimal 
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at  26°C,  whereas  those  for  the  synthesis  of  hexadecenoic  acid 
and  octadecenoic  acid  decrease  markedly. 

In  conclusion,  the  results  of  the  present  work  with 
Micrococcus  cryophilus  are  in  general  agreement  with  the  results 
of  previous  workers  studying  bacterial  growth  and  growth  of 
micro-organisms  at  low  temperature.  RNA  and  lipid  metabolism 
of  cells  would  appear  to  be  of  particular  significance  in  the 
phenomenon  of  growth  at  low  temperatures. 
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